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CHAPTER 1 INTRODUCTION 
 On 11 March 2011, the North East Japan Earthquake and tsunami collapsed many fuel tanks 
around of Kesennuma Bay, Miyagi Prefecture, Japan. Consequently, a large amount of fuel oil (above 
12,000 kL) spilled into the fishing area of Kesennuma Bay (Masuda, 2011). It is regarded that marine diesel 
oil is much more than the other oil types in the spilled oil (Sakai, 2013). 
 It has been reported that in the accident, lots of the spilled oil drift towards the coast, or burned 
on the sea, drifted and became emulsion (Mori and Toyama, 1994). In this spill incident, marine diesel oil 
with a low specific gravity is the main ingredient. Many parts of the oil flowed out of Kesennuma Bay with 
the dilatational wave of the tsunami, but it is considered that some oil adhered to mud and sand particles 
suspended which were rolled up by the tsunami, then oil with sediment particles deposited to the seabed 
(Sakai, 2013). On the other hand, a part of the oil burned on the sea surface, PAH (polycyclic aromatic 
hydrocarbon) occurred.  
Oil mixed in the sediment particles covers the aquatic’s gills or cell membranes and therefore 
causes suffocation death or abnormal intake behavior, which is the most important reason for the 
decreasing of fishery harvesting. What’s more, because of the oil in the body, fisheries products have an 
unpleasant smell of oil and therefore the value of the products decrease, which brings a great influence for 
fishery activities (Ogata and Hujisawa, 1991, 1999). It is said that the concentration of NHE (n-hexane 
extract) substance in a wide range of the bay is more than 1,000 mg/kg (Yamamoto et al., 2012, Nakamura 
et al. unpublished). The oil gives bad effects to aquatic organisms. To efficiently remove the sediments 
polluted by the oil, it is necessary to understand the spatial distribution of the oil concentration on the bay 
in detail. 
 As optical measurements of oil concentration on sea surface, there are infrared method (Fingas 
and Brown, 1997), fluorescence method (Kim et al., 2010; Wang and Han, 1994) and so on. However, the 
determination of the seabed oil concentration in a conventional manner was conducted only quantitatively 
chemical analysis by the collected sediment sample. The spatial results are discrete. It cannot understand 
the detail oil distribution. The oil has a property that fluorescence is emitted by ultraviolet (after UV) 
irradiation (Camagni et al., 1991; Sasano et al., 2005). In our previous research, by using a UV laser, a 
system exposed the UV from surface of seawater and got the fluorescence on the surface of seawater, has 
been developed (Toguchi, 2014). This system can measure the oil of sediment at a depth of 20 - 30 meter in 
the clear sea water area. However, the water in Kesennuma Bay is always high turbidity so the measurable 
water depth of this system was limited to less than 6 m. 
 In this research, I developed two towing systems for high turbidity sea area. First, an optical fiber 
system was developed, and the technique to detect the oil was discussed. Second, another system was 
constructed (after UviLux system) using a commercially fluorescence sensor (UviLux, Chelsea 




CHAPTER 2 MATERIALS AND METHODS 
2.1 Optical fiber system 
 The system that includes a spectrometer (Jaz, Ocean optics Florida, USA) using optical fiber to 
detect oil fluorescence is called “optical fiber system”.  
 The specifications of the optical fiber system are as shown in Fig. 1. After waterproof processing, 
the length of the optical fiber is 30 m (the other one is 2 m), and it has a coaxial structure. The casing fiber 
introduces excitation light, and the internal fiber accepts fluorescence. The end of the optical fiber was 
protected with a waterproof lens. The other end is branched into two lines and connected to the light source 
and the spectrometer (Jaz, Ocean optics, Florida, USA), respectively. The light source is LLS-365 (Ocean 
optics, Florida, USA), and its wavelength is 365 nm. UV exposed and fluorescence measured was used 
with same axis fiber. 
2.2 Uvilux system     
 UviLux system is a system used commercially fluorescence sensor (UviLux, Chelsea 
Technologies Group Ltd, UK) to detect oil concentration of the seabed.. 
 The specifications of the UviLux system are as shown in Fig. 2. UviLux consists of a sensor 
section, cable and measuring section. A commercially available UviLux sensor is set to have a light source 
wavelength of 347.5 nm and the detecting fluorescence wavelength of 450 nm. In Toghuchi (2014) the 
fluorescence wavelength of the seabed sediment in Kesennuma Bay is 550 nm. The detecting wavelength 
of UviLux was changed into 550 nm. And the wavelength of light source was changed in to 360 nm. The 
length of the cable is 100 m.  
2.3 Relationship between oil concentration in the particle and fluorescence intensity 
 In order to clarify the detectable concentration, I investigated the relationship between oil 
concentration of the seabed sediment and fluorescence intensity with both systems. The sample is divided 
into two parts. One part is particles that collected from the Kesennuma Bay, and the another part is dry mud 
mixed marine fuel oil (after simulate sample). 
 I collected for seabed sediment at Kesennuma Bay in July and December 2015 (Fig. 3). The 
sampling was done by Ekman-Barge sampler. The sample was transferred to a closed container, stirred 
thoroughly, frozen and immediately transferred to the laboratory. Some of the sample was used in NHE 
(Ministry of environment of Japan, 2012) and PAH (Ministry of the environment, 2003). The rest sample 




sample was prepared by mixing seabed sediment of Kesennuma Bay superheated steam treatment (at 400℃ 
for 60 min) and marine fuel oil. The oil concentration of simulated seabed sediment was set to 
1,000-200,000 mg/kg in room experiment. 
 The optical fiber system was brought into the darkroom and the fluorescence intensity of 
sediments was measured. The configuration of the system is as described in the previous section (Fig. 4). 
The seabed sediment of the Kesennuma Bay and the simulated seabed sediment were transferred to a 
polypropylene container (12 × 12 × 6 cm), the surface was leveled horizontally, and the thickness of the 
sample was made uniform. 
 One end of optical fiber (length; 30 m) was placed on the upper 3 mm of the seabed sediment 
surface. In order to know the angle at which the signal light of the fluorescence is most strongly obtained, 
the acceptance angle of a probe from the seabed sediment was changed to 6 levels (0, 5, 15, 30, 45, and 
60°). The sediment sample was irradiated with excitation light and the fluorescence was measured at 1 nm 
intervals using Jaz. For all samples, the same operation was carried out 10 times at each angle. The same 
operation was carried out with optical fibers having a length of 2 m. 
 I got the wavelength distribution of the fluorescence of each sample sediment and the reflected 
light from no oil sediments. Then it was gotten the spectral distribution of the fluorescence by the 
substraction of the wavelength distribution of the reflected light from the spectral distribution of the sample 
fluorescence data (Fig. 5). The value obtained by subtracting reflections from original data from 490 nm to 
620 nm was integrated to determine the values of fluorescence intensity of oil in sediments. Duplications 
are 5 times on each simulate sample, 10 times on sample collected at the Kesennuma Bay 
 In the room experiment by using the UviLux system (Fig. 6), a sample was placed on the 
darkroom, the sensor was fixed directly above the sample, and the excitation light irradiation and the 
fluorescence detector were 45°. When the fluorescence can be sufficiently detected in the measuring 
section, it is considered that the fluorescence emitted from the sample is measured. For all the samples, the 
amount of fluorescence was measured. The data of 10-100 numbers were acquired and averaged in one 
measurement. For the simulated sample, the measurement was duplicated ten times at each sample of oil 
concentration of 1,000-9,000 mg/kg, five times at oil concentration of 10,000-50,000 mg/kg, three times at 
oil concentration of 100,000-200,000 mg/kg. 
 
2.4 Towing observation at Kesennuma Bay 
 The appearance of the observation is shown in Fig. 7. Two systems were installed on a sled. In 
order to observe the seabed, a Mini Underwater Color TV System (FM-4100, Q・I INCORPORATED, 
Japan) was installed on the sled. The sled (155 cm×100 cm) (Fig. 7) is composed of stainless steel frame 
and the bottom surface which is made of polycarbonate. In order to overcome obstacles, in front of the sled 




fixed to the ship with a rope. A GPS is set at the stern of a boat and the position data is acquired by the 
computer of the measuring section. During the towing, position information by the GPS was recorded every 
second. During the towing，the position of the sled in the sea was about 24 m behind the stern considering 
of the extended position of the rope (25 m) and the water depth (about 6 m) from the indicated position of 
the GPS (Fig. 8). 
 The towing observation was on December 14, 2015 placed in inner of Kesennuma Bay (near 
St.1). Topographic images of the sea area were observed using a side scan sonar. Based on this result, an 
observation route was designed in the gap between the large rubble. At start point of the observation, the 
sled was descended to the seabed, the speed of towing observation course was about 1-2 kt. When large 
rubble approached, it was collected to the boat, and was put it again in the place which can avoid rubble. 
After the measurement of 2 lines, the signal of the optical fiber system became unstable, and the 
measurement was ended (Fig. 9). The fluorescence spectrum is recorded at 1 Hz. 
 
 






















































CHAPTER 3 RESULTS 
3.1 Relationship between oil concentration and fluorescence  
(1) Optical fiber system 
 Fluorescence from the seabed sediment of Kesennuma Bay was observed at wavelength 490 -620 
nm (Fig. 5). The acceptance angle which this fluorescence signal can become strongest was examined. The 
signal intensity (S/N ratio) for each probe angle is shown in Fig. 10. In the case of 0° (front irradiation, 
front light reception), the S/N ratio was about 2. The S/N ratio showed a maximum of 2.34 at 15 °. It is 
decreased at angles larger than 30° with the angle increased. From this, it was judged that a clear 
fluorescence signal could be obtained at 15° of the probe angle, and all measurements were carried out at 
15° probe angle.  
 Fig. 11 shows the relationship between the oil concentration of the simulated sample and the 
fluorescence. A clear relationship was observed in the optical fiber having a length of 2 m. (P<0.05) 
                          y = 17000ln(x)-80000,                                     (1) 
                          R² = 0.91 
 Here, x is oil concentration (mg/kg), ｙ is fluorescence intensity(au.). 
 In Fig. 11, a better relationship was found in oil concentration range of 1000-2400mg/kg. 
                          y = 1800x+1800,                                         (2) 
                          R
2
=0.97 
 Here, x is oil concentration (mg/kg), ｙ is fluorescence intensity(au.). 
 Table 1 shows NHE concentrations and PAH concentrations at each station of Kesennuma Bay. 
The NHE concentration distribution was relatively high in the inner of bay, the western bay. The PAH 
concentration distribution was remarkably high in eastern bay, and it was relatively high even in the west 
bay and the inner bay. 
 There is the relationship between this fluorescence intensity and the oil concentration of sediment. 
Fig. 12 shows the relationship between fluorescence intensity and PAH concentration of collected sample. 
The length of the optical fiber length is 30 m. 
                          Relational expression y=380EXP (5×10
-5
x)                    (3) 
                                           R² = 0.38 
 Here, x is fluorescence intensity (au.), ｙ.is oil concentration (mg/kg) 
 The correlation coefficient is 0.62. It has been gotten significant relationship (P <0.05). 




(2) UviLux system 
 Fig. 13 shows the relationship between oil concentration and fluorescence intensity in case of 
using UviLux system. The regression line is shown below. 
                              y = 1.37ln(x) - 10.8,                                  (4) 
                              R² = 0.87 
 Here, x is oil concentration (mg/kg), ｙ  is fluorescence intensity(au.). It is a significant 
relationship (P<0.01)  
 It is thought that the UviLux system can measure oil concentration more than 10
4
 mg/kg. 
3.2 Sediment Oil Concentration Measurement at the inner of Bay of Kesennuma Bay 
 In the optical fiber system, fluorescence spectral data of 120 m long was obtained for 2 lines in 
total. Since the data during the measurement has continuity and no spike is seen, it towing speed 1-2 kt. As 
in the spectrum of the laboratory experiment, maximum fluorescence was observed around 550 nm in the 
obtained fluorescence spectrum. From this, it was judged that continuous observation in high turbid sea 
area is possible. 
 From the obtained fluorescence intensity, the PAH concentration was estimated using the 
relational expression y=380EXP (5×10
-5
x) for the 120 m long line in the inner of Kesennuma Bay. When 
this distribution was put in the chart, it was as shown in Fig. 14a. High concentration area was detected 
near the west of St.1. PAH concentrations are often several hundreds to several 1,000 μg/kg, but locally 
concentration of exceeding 10,000 μg/kg was observed, and the maximum was ca.60,000 μg/kg (Fig. 14b). 






Fig. 10 Relationship between signal-to-noise ratio and angle of probe 
 
Fig. 11 Relationship between oil concentration of the sample simulated and fluorescence by the optical 





Fig. 12 Relationship between Fluorescence intensity and PAH by the optical fiber system 
 
 




























































(mg/kg DW) (µg /kg DW) 
Inner   St.1 1600 481 
St.2 1900 8688 
St.3 3600 2102 
St.4 300 941 
West   St.5 800 5025 
St.6 2600 1050 
St.7 1600 2735 
St.α 5600 1904 
St.9 1600 6180 
St.11 1400 6223 
St.12 100 650 
Strait  St.14 2900 4655 
St.15 800 5300 
East   St.16 3000 9177 
St.17 3100 4080 
St.18 2000 6692 
St.19 800 12774 

















CHAPTER 4 DISCUSSION 
4.1 Sediment oil measurement system 
 I proposed the optical fiber system and the UviLux system to measure sediment oil pollution in 
high turbid sea areas. The former uses optical fiber to introduce the fluorescence into the spectrometer on 
the boat. The later carrying out the fluorescence of the oil is detected in the sea, and the electric signal is 
received on the boat. Both systems are not susceptible to the turbidity of sea water, so we think that it is 
suitable for using in high turbidity waters. The optical fiber system developed in this research is thought to 
be able to measure the oil fluorescence of the seabed sediment with less noises because the probe is directly 
contact with the mud. However, with the optical fiber of 30 m, the signal can decrease ca. 28% compared 
with fiber of 2 m (Fig. 15). And by using optical fiber a significant relationship between and fluorescence 
intensity and PAH concentration was found when PAH concentration was above 400 µg/kg. Therefore, it is 
considered that it is more difficult to measure in deeper water with a longer fiber. What is more, since the 
optical fiber is vulnerable, it may be damaged by operation on the ship. But with this system, stable 
measurement can be achieved when the concentration is higher than 10,000 mg/kg. The optical system was 
used sled to observation, and it can get the data. The optical fiber system could measure on the sled by the 
boat. It was used 30m optical fiber. It could measure the oil every second. The resolution of wavelength is 
1nm. There is no other way to measure the oil distribution of the seabed with this resolution. 
 The light source part of the instrument is at a distance from the light receiving part, so the actual 
measurement of UviLux measurement system can be effected by the turbidity of the sea water just above 
the sediments. And this system has a measurement limit. It is 10,000 mg/kg. It cannot be used in field 
measuring the concentration of the seabed sediment in Kesennuma Bay. 
 
4.2 The operation method of the system 
 From the above, the optical fiber system is suitable for measuring the concentration of oil in the 
seabed sediment of high turbidity sea area. The optical fiber system was used with sled towing by a boat 
(towing speed was 1-2 kt). Detailed oil distribution could be demonstrated by measuring at 1 Hz. 
 The seabed of Kesennuma Bay is sand mud bottom, is suitable for our towing in this system. 
However, there are still a lot of rubble scattered in Kesennuma Bay bottom. To tow the sensor, there is a 
necessity to have detail side scan sonar measurement before towing observation of the seabed. Because of 
the rubble, some behaviors should be avoided such as putting the sensor on the boat. The behavior of 
rolling up the towing rope which is bound to the optical fiber may be damaged. At this investigation, poor 




system (Fig. 16). I concluded the optical fiber (2 m long) on a sled and fixed a spectroscope on the sled, I 
introduced the signal into a PC on the boat for the analysis in a communication cable. By this improvement, 
the damage of the optical fiber could be avoided, and operability could be improved. 
 
4.3 Conclusion 
 In this study, I have implemented two types of the systems to measure the oil concentration of 
seabed in high turbid sea area. Both of the measurement principles measure the fluorescence due to 
ultraviolet radiation of oil. The principle of these two systems could be measured the fluorescence light 
emitted by the oil under ultraviolet radiation. One is the using of the optical fiber system, and the other one 
is the using of a commercial sensor system. The optical fiber system was able to describe the oil 
concentration (PAH concentration) by measuring the fluorescence from the seabed sediment with a probe 
angle of 15°.And in Marine oil range of 1,000-2,400 mg/kg, it has a better relationship. UviLux system was 
found to be measurable when the Marine fuel oil concentration is more than l0,000 mg/kg. It is thought that 
the optical fiber system is suitable for measuring the oil concentration distribution at the bottom of the 
Kesennuma Bay.  
 Furthermore, in this research, in order to improve the operability of the optical fiber measurement 
system by shorten the length of the optical fiber (2 m), the optical fiber system becomes more strong 
against the shock.  
 Oil pollution accidents in ocean occur at sometimes, but now, it is still impossible to evaluate the 
influence because there is no way to grasp the situation of oil pollution on sea floor in detail. This research 
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